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We report an unusual persistence of superconductivity against high magnetic fields in the iron-chalcogenide 
film FeTe:Ox below  2.5 K. Instead of saturating like a mean-field behavior with a single order parameter, the 
measured low-temperature upper critical field increases progressively, suggesting a large supply of supercon-
ducting states accessible via magnetic field or low-energy thermal fluctuations. We demonstrate that supercon-
ducting states of finite momenta can be realized within the conventional theory, despite its questionable 
applicability. Our findings reveal a fundamental characteristic of superconductivity and electronic structure in 
the strongly-correlated iron-based superconductors. 
PACS: 74.70.Xa Pnictides and chalcogenides; 
74.20.Mn Nonconventional mechanisms ; 
74.25.Dw Superconductivity phase diagrams. 
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1. Introduction 
Ever since the discovery of iron-based superconductors 
in 2008 [1], an avalanche of research effort was aimed at 
understanding the pairing mechanisms behind the origins of 
superconductivity in these materials [2]. These novel sys-
tems have shown similarities and differences to both high 
cT  and heavy fermion systems [2]. What has made the study 
of iron-based materials even more elusive is that some ex-
perimental data suggest that the antiferromagnetic and su-
perconducting order parameters compete in certain systems, 
while they coexist in others [3–7]. In very recent times it has 
been suggested that magnetic and structural instabilities can 
potentially form the superconducting state [2]. 
However, in order to understand the nature of the su-
perconducting state and its underlying mechanism, it is 
imperative to gain insight into a materials electronic struc-
ture [8,9]. One of the most relevant approaches to studying 
the electronic structure of superconductors has come in the 
way of exploring their magnetic responses to an external 
magnetic field, H, as a function of temperature, T. In the 
case of BCS superconductors, the upper critical field, 2cH , 
has been used as a measure of electronic coherence [8], as 
well as an indicator of the relevant pairbreaking mecha-
nisms [8,10,11]. Detailed analyses of the H T  phase 
diagrams of iron pnictides and chalcogenides have been 
utilized to suggest that they are multi-band superconduc-
tors with unconventional pairing mechanisms [12,13]. 
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Here, we report a striking persistence of superconduc-
tivity against high magnetic fields in the iron chalcogenide 
film FeTe:Ox below 2.52 K. The measured low-tempe-
rature 2cH  increases progressively, showing a pronounced 
inflection, instead of the saturation expected from a mean-
field theory with a single order parameter. This suggests 
the presence of a large supply of superconducting states 
accessible via magnetic field. Additionally, our observa-
tions suggest that the rapid reduction of the upper critical 
field with increasing temperature (concomitantly with the 
superfluid density) is a consequence of thermal fluctua-
tions involving these states. We explore a scenario of 
Cooper pairs with finite center-of-mass momentum and 
find that, while not perfectly justifiable, it is consistent 
with our data below 2.5T  K. Our findings reveal a fun-
damental characteristic of superconductivity and electronic 
structure in the strongly-correlated iron-based supercon-
ductors. 
The procedure for the FeTe:Ox film deposition was de-
scribed in detail elsewhere [14], albeit the lower cT  of the 
present sample compared to the one discussed by Si et al. 
[14] (a zero-field temperature scan of the resistivity exhi-
bits a cT  of 7.05 K, when in order to obtain the supercon-
ducting transition we consider the mid-point of the normal-
ized resistivity, 50% of 0( ) / ( )T T  . Currently, the me-
chanism of oxygen-induced superconductivity in FeTe:O x  
films is still unknown [14,15]. Further investigations to 
sort out the effects of oxygen in this class of films present 
an important scientific objective for the field. Here, how-
ever, we focus exclusively on the behavior of superconduc-
tivity due to the presence of an external magnetic field. 
2. Experimental techniques and data analysis details 
The ac transport measurements of the parallel and per-
pendicular components of 2cH  with respect to the crystal-
lographic c axis, 
||
2 ( )
c
cH T  and 2 ( )
c
cH T , were carried out 
at the National High Magnetic Field Laboratory in Talla-
hassee, Florida in dc magnetic fields from 0 to 35 T. The 
field was applied at a rate of 5 T/min during increasing 
field ramps at fixed temperatures. The resistivity ( )T  was 
measured via phase-sensitive lock-in detection (I = 5 A; 
f = 17 Hz) at a variety of T 's from 1.5–8 K. The data from 
the field scans were normalized with respect to the normal 
state resistivity, 0( )T , obtained from temperature scans 
at H  = 35 T, from 15 to 7 K. The normalized resistivities 
for H c  and H c  at select temperatures are shown in 
Fig. 1(a) and (b), respectively [16]. 
The mid-point of the normalized resistivity, (50% of 
0( ) / ( )T T  ), was chosen to define the experimental 
2 ( )cH T  [17], since the 50% criterion allowed us to ana-
lyze the full range of the data set. H c  and H c  are 
shown in Fig. 2. We point to a very steep increase in the 
2cH  curves near cT  ( 2 10 T/ |
c
c HdH dT  9.24 T/K and 
10 T2 / |
c
HcdH dT  6.06 T/K). It is also to be noted that 
( , 35T T )  in our sample exhibits an insulator-like beha-
vior right above the superconducting transition (Fig. 1(c)), 
despite the fact that it has a Fermi surface and is expected 
to behave like a metal. 
Fig. 1. (Color online) Magnetic field dependence of the norma-
lized resistivity of FeTe:Ox at select temperatures with H c  (a) 
and H c  (b). 0  denotes the sample resistance of the normal 
state at H = 35 T, while   is the measured resistance. 0  is de-
fined according to the temperature scan from 15 to 7 K at 35 T, 
shown in light blue in (c). The definition for 0( )T  for the data 
analysis below 7 K is obtained from a third-order polynomial fit 
through the 7–15 K data (shown in dark-blue empty rhombi in 
(c)). The data is also analyzed using an alternative definition for 
0 , which assumes a constant 0  below 7 K (depicted in the 
straight line of filled purple triangles in (c)) [16]. 
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3. Theoretical analysis and discussion 
The most remarkable observation here is the unusual 
persistence of superconductivity against high magnetic 
fields at low temperatures, manifest in an inflection of the 
phase boundary of the H T  phase diagram (Fig. 2), 
which is clearly present in the H c  case, and less drasti-
cally in the H c  one. Apparently, at low temperatures 
( 2.5T  K), the superconductivity survives much stronger 
fields by readjusting itself in some non-trivial way. This is 
in great contrast to the phase diagram saturation character-
istic of a BCS superconductor described by a mean-field 
theory of a single order parameter. Generally speaking 
(without involving any specific theory), this indicates that 
there is a large number of low-energy superconducting 
states of different momenta (in a flat energy landscape) 
accessible via magnetic field. The thermal fluctuations 
involving these states cause the rapid reduction of 2cH  
(and the superfluid density) as the temperature increases. 
Given the large gap size of the system ( 3.5 B ck T ) 
[18,19], such fluctuations are likely in the phase (not am-
plitude) of the order parameter. This strong coupling be-
havior is expected in the underdoped samples [20] (like the 
present one) with correlated electronic structure [21,22], as 
evident from the proximity to magnetic/orbital/structural 
orders. 
Nonetheless, due to the poor understanding of such a 
strong coupling regime, we stay within the conventional 
framework of BCS theory, as this is the only currently-
available approach. The Werthamer–Helfand–Hohenberg 
(WHH) theory was developed to describe the orbital-limited 
upper critical field, 2 ( )
O
cH T , for a single active band in the 
weakly-coupled limit: 2 =(0) 0.69 / | c
O
c T T cH dH dT T  [10]. 
Applying it to our FeTe:O x  thin film H T  phase dia-
gram yields 2(0)
O
cH  = 44.95 T and 29.48 T in H c  and 
H c , respectively. On the other hand, the expected para-
magnetic pair-breaking (Pauli-limited) upper critical field 
2(0)
P
cH  in the same sample is estimated to be 1.86 cT  = 
= 13.11 T from the Clogston–Chandrasekhar (CC) theory 
[11]. In a related transport measurement, Khim et al. ar-
gued that the much larger 2
O
cH 's in comparison to the 2
P
cH  
measured in a FeTe0.6Se0.4 single crystal suggests that 
these observations could imply the importance of para-
magnetic pair-breaking effects, or be due to multi-band 
scattering in the latter system [12]. Notwithstanding the 
above interpretation, both WHH and CC are derived in the 
weakly-coupled limit, while their validity in a strongly 
coupled, non-BCS system such as Fe(Te,Se) remains dubi-
ous [12,23,24]. 
Within BCS, the finite momentum superconductivity is 
explained within the FFLO picture [25,26]. This should be 
considered as one possible scenario consistent with the 
above general considerations, but not necessarily repre-
senting the only (or even the correct) microscopic picture. 
The FFLO state is marked by a smaller condensation ener-
gy, but also by a lower Zeeman energy, compared to the 
normal state, resulting in an overall suppression of the 
normal state at magnetic fields higher than 2 2 /
P
c BH g   
(Clogston limit [11]), where  , g and B  stand for the su-
perconducting gap, the gyromagnetic ratio of a free elec-
tron, and the Bohr magneton, respectively [25–27]. The 
FFLO state has been reported in a number of organic 
[27,28], and heavy fermion superconductors [27,29]. In ge-
neral, strong type II superconductors with large Maki pa-
rameters, 2 2= 2 /
O P
M c cH H , in the clean limit, l , 
are the typical candidates for FFLO state systems, where 
  and l  denote the superconducting coherence length and 
the electronic mean free path, respectively [27]. 
Subsequently, we set out to analyze the H–T phase dia-
gram of FeTe:Ox using the established FFLO theoretical 
framework [30]. We minimized the equation of state for 
the parameter 
2=
( ) |
cH H
q T  of a two-band model which 
accomodates orbital and paramagnetic pair-breaking 
mechanisms (Eq. (1)) at each point in the H versus T phase 
diagram [30]. Finally, we used this parameter to derive 
2=
( ) |
cH H
Q T  [30]: 
1 1 2 2 1 2(ln ) (ln ) (ln )(ln ) = 0a t U a t U t U t U , (1) 
where 1 0( )/2a w  , 2 0( )/2a w  , with   = 
11 22  , 
1/2
0 12 21( 4 )    , and 11 22w    
12 21  . ij  (i, j = 1, 2) define the coupling constants 
Fig. 2. (Color online) Phase diagram constructed from the nor-
malized resistance versus temperature data. The 2cH (T) for 
H c  (pink solid circles) and H c  (violet solid squares) were 
defined at 50% of 0( )T  from the field scans (Fig. 1(a) and (b)). 
The dotted lines below T = 1.5 K are guides for the eye. The cal-
culated values of ( )
cQ T  and ( )
cQ T  are shown in red and 
blue, respectively. Inset: shown is the H T  phase diagram for 
H c  obtained by the alternative analysis condition, setting 0  
to be a constant below 7 K (Fig. 1(c)) [16]. 
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used in the theory [30]. In the limit of strong interband 
pairing ( 12 21 11 22    ), we obtain 11  22  = 0 and 
12  = 21  = 0.5, leading to 1a  = 2a  = –1 [30]. In the 
above equation we used the integral form for U1 [30]: 
 
2
2
1
e
= ln (4 ) e
1/ 2 ( ) /
ln ,
1/ 2 ( ) /
q
u
q
t
U du
b
i b u b t
i b u b t

 
 
 (2) 
where 1.78  and t = T/T c . The rest of the quantities are 
defined as follows:  
 
1/2
2
0 1
2 2
1
2 2 2
0 1
0 1
2 2
1
= ,
2
= ,
8
4
= ,
z
B c
B c
Q
q
H
v H
b
k T
k T
v
 

 
 

 (3) 
where zQ , 0  and   stand for the projection of vector Q 
along the field direction, flux quantum and the magnetic 
moment of a quasiparticle, respectively, while 1 , 1v , 1  
represent the mass anisotropy, Fermi velocity and the 
Eliashberg constant, 1  = 1 + 11  + 12| | , for band 1. 
2U  is obtained by replacing 1  with 2  = 1 + 22  + 
21| | , b with b (except terms b ), and q with q s 
in 1U . Here,   = 
2 2
2 1/v v , s  = 2 1/  , and 2v  and 2  
represent the Fermi velocity and mass anisotropy for band 
2, respectively [13,30]. The Fermi velocity used in the cal-
culation, 1v  = 0.7 eV·Å = 1.0635·10
5  m/s, was obtained 
from an ARPES measurement on a 1Fe Tex  single crystal 
[31].   = 2.2 0  [22], where 0  is the Bohr magneton, in 
order to calculate ( , )b T H  and  . 1  is related to the ani-
sotropy parameter, H , by 1 =1/ H , and ( )H T  was 
derived from 2 2( ) = ( ) / ( )
cc
H c c
T H T H T  (Fig. 3) and tak-
en to be equal to 1 for convenience. The field and mass 
anisotropies, H  and m , cannot be necessarily considered 
equal as in the case of the anisotropic single-band super-
conductors [32,33] and the discrepancy between the two 
has been interpreted to be a signature of multi-band phys-
ics in a LaFeAsO1–xFx oxypnictide film [33]. Furthermore, 
we performed an angular-dependent transport measure-
ment of 2( =1.75 K)cH T  (Fig. 3). 2( ,1.75 K)cH   is 
rather nicely fitted with a calculation based on the single 
band anisotropic Ginzburg–Landau theory (inset of Fig. 3) 
[34]. Finally, we approximated the ratio of the mass aniso-
tropies in the two bands as s = 1 while  = 0.3 [13].  was 
calculated to be 0.016( / )w Bk , where 
w  is the supercon-
ducting gap in the weakly-coupled limit ( 1.74 )w B ck T . 
However, a typical gap observed in FeTe superconductors 
is on the order of 3.5 B ck T  [18,19]. Thus, in order to get 
the correct value for   we used   = 3.5 B ck T  instead, 
finally obtaining   = 0.4. No further rescaling of the pa-
rameters q,   and b was pursued. 
The results of our calculation for 
2=
( ) |
c
c
H HQ T  and 
2=
( ) |
c
c
H HQ T  are shown in units of 1/ 0  in Fig. 2. 
Remarkably, we obtain 2 (0)
c
cH  42 T and 2 (0)
c
cH  44 T 
upon calculating the 2(0)cH  in the paramagnetic limit, (0)Q  
2 / FH v  [27]. 2 (0)
c
cH  obtained from 2=
( ) |
c
c
H HQ T  
agrees nicely with the guide for the eye drawn in Fig. 2 for 
2 (0)
c
cH , while the respective result for 2(0)
c
cH  suggests 
that the 2
c
cH (T) curve is slightly steeper than the guide for 
the eye. It is to be noted that cQ (T)
2=
|
cH H
 starts to ex-
hibit nonzero values at 2.52 K, just above the unusual up-
turn in 2 ( )
c
cH T , which translates to 0.36 cT . 
We note, however, that the measured ( )H T  is very 
close to unity, especially in the temperature range where 
the calculated ( )Q T  acquires non-zero values (Fig. 3). The 
lower anisotropy is not favorable for the formation of an 
FFLO state [30], and especially surprising is the fact that 
we measure non-zero ( )Q T  which coincides with a very 
unusual behavior in 2 ( )cH T  in a system which is not in 
the clean limit. Also, the weakly-coupled two band scenar-
io entertained by Kidszun et al. [33] would be inconsistent 
with the strong intraband scattering and Pauli-limited 2cH
's present in iron-based superconductors [30]. 
All of these suggest that while the general physical con-
siderations concerning the large supply of superconducting 
states is reasonable, the detailed microscopic understand-
ing remains elusive, and likely to be enriched by the 
strongly-correlated nature of the electronic structure of this 
Fig. 3. (Color online) The anisotropy parameter 2 2= /
cc
H c cH H , 
as a function of temperature, obtained from 2
c
cH  and 2
c
cH , shown in 
Fig. 2. Inset: the angular dependence of 2( )cH T  at T  1.75 K 
from = 90  ( H c) to =180  ( H c) (in filled green circles), 
obtained from 35–0 T field scans ( / 7dH dT  T/min). The so-
lid red line is a fit of  2 2 2 0.52 2( ) = [cos ( ) sin ( ) / ( )]
c
c c mH H T     
through the data points, yielding 2 (1.75K)
c
cH  = 30.75 T and 
(1.75 K)m  = 1.05. 
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system. The observed unusual persistence of superconduc-
tivity against high magnetic fields not only reveals a fun-
damental characteristic of the superconductivity in this 
system, but also puts a strong constraint on the microscop-
ic understanding of the electronic structure of this new 
class of superconductors. 
4. Summary and outlook 
In conclusion, we have found a striking persistence of 
superconductivity in a FeTe:Ox thin film at high magnetic 
fields, especially when the field is applied perpendicular to 
the crystallographic c plane. The upturn in the slope of the 
superconducting H–T phase boundary suggests the pres-
ence of a large supply of superconducting states accessible 
via magnetic field. We stipulate that our observations sug-
gest that the rapid reduction of the upper critical field with 
increasing temperature (concomitantly with the superfluid 
density) is a consequence of thermal fluctuations involving 
these states. 
In order to gain a deeper understanding into the nature 
of the superconducting state, we explored a scenario of 
Cooper pairs in the weakly-coupled limit with finite cen-
ter-of-mass momentum. By utilizing a theoretical approach 
developed by A. Gurevich [30], we find that even if the 
above model is not fully justifiable, it is still consistent 
with our data, since we observe the emergence of 0Q  at 
2.5T  K. We thus conclude that this observed exotic 
behavior in the superconducting phase diagram of FeTe:Ox 
might be a consequence of the strongly-correlated nature 
of this particular system. 
As our outlook into the future, we suggest that the re-
cent discoveries of new kinds of iron chalcogenide super-
conductors, such as (Tl,Rb)xFe2–xSe2 which are marked by 
a significantly-enhanced electronic exchange couplings 
[22,35] will offer a new testing ground for observing po-
tentially exotic H T  phase behaviors at high magnetic 
fields, while at the same time necessitating a better theoret-
ical understanding of iron-chalcogenide electronic struc-
ture. 
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